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One of the main goals of ultrasonic inspection is to determine the 
absolute scattering response from a given reflector (i.e., defect). In 
the literature there are a number of reported successful approaches for 
evaluation of the absolute scattering response from spheroidal inclusions 
and voids [1). These approaches were based on a measurement model that 
accounts for transducer diffraction effects and the scattering and propa-
gation through liquid-solid interfaces. Approximate analytic diffrac-
tion corrections were developed for some experimental configurations, and 
consequently the scattering responses were deconvolved from received 
ultrasonic signals in an absolute sense. However, one of the important 
conditions for the accuracy of the deconvolution process is the proper 
modeling of the individual transducer diffraction characteristic. There 
is evidence [2,3) based upon on-axis pressure studies and C-scan profiles 
that considerable discrepancies can occur between individual transducers 
of the same diameter and nominal frequency. The main purpose of this 
paper is to study the acoustic characteristics of a set of three unfo-
cused, immersion, piezoelectric, pulse-echo transducers. The analysis of 
transducer modeling was performed by correlating the vibrating piston 
theory with experimental results. 
THEORETICAL MODELING 
In this work the ultrasonic transducer is considered to act as a 
two-port device: one port being the electrical connection characterized 
by the voltage across and the current into the transducer, and the second 
port being the plane flush with the transducer face and characterized by 
the volume velocity and average pressure across it. It is only these 
terminal variables--voltage, current, velocity, and pressure--that are of 
interest and the internal details of the transducer are assumed unknown. 
In order to derive an expression for the received signal, it is necessary 
to determine the relationships between the terminal variables when the 
transducer acts as either a generator (transmitting) or receiver of 
acoustic waves. 
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Transmitting Transducer 
The tra~smitting transducer is characterized by the normal velocity 
profile, vT(rT,f), generated across the transmitting plane, ST' as shown 
in Fig. 1. Tfie transmitting plane is defined as the plane flush with the 
face of the transmitting transducer. It is assumed that this normal 
velocity profile can be separated into two terms 
(1) 
where vT(f) is a complex scale factor, dependent on the s~ectrum of the 
input voltage [VT(f)] but independent of position, and t(rT) is a real 
shape function, possibly dependent on frequency but independent of input 
voltage. In taking t(rT) to be real-valued, it is assumed that the phase 
remains constant across the transmitting plane. If the transducer 
operates as a linear device, then we can define a transmitting response 
function 
(2) 
so that the velocity profile can be written as 
(3) 
where the terms inside the bracket characterize the transmitting trans-
ducer. 
A spatial imaging technique~based upon data taken in the Fresnel 
zone can be used to determine t(rT) directly (3]. Such an app~oach, 
however, would require large amounts of data storage should t(rT) prove 
to vary with frequency. A second approach, ~nd the one taken in this 
paper, is to choose a functional form for t(rT) and to vary the func-
tional parameters for the ~est fit between theory and experiment. It is 
assumed that a form for t(rT) can be found that satisfactorily predicts 
the radiated field for a proper choice of the parameters involved. 
Receiving Transducer 
The receiving transducer is cha~acterized by its response to the 
weighted average of the pressure PR(rR,f), existing across the receiving 
plane, SR' as shown in Fig. 2: 
(4) 
~ 
where r(rR) is a sensitivity fun~tion, possibly dependent on frequency, 
and ~ is the area over which r(rR) does not equal zero. The receiving 
plane is defined in the same manner as the transmitting plane. It is 
often convenient to evaluate Eq. (4) using the pressure that would have 
existed had the transducer not been present. This approach has already 
proven useful in correcting ultrasonic measurements for diffraction 
effects. If the transducer operates as a linear device, then we can 
define a receiving response function 
(5) 
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characterization. 
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Fig. 2. Receiving transducer's 
characterization. 
so that the received voltage can be calculated as 
(6) 
~ 
Although methods may be available for dete~ining r(rR)~directly, the 
same approach is used in this paper for r(rR) as for ~CrT). 
Linear Input-Output Model 
An input-output model can be defined for the entire ultrasonic 
measurement system relating the received and transmitted voltages as 
(7) 
where H(f) is the transfer function for the transmitting-receiving trans-
ducer system 
H(f) = voltage at recei~in~ transducer 
voltage at transm1tt1ng transducer (8) 
Defining T{ ... } a~ an operator representing the transfor~ation of the 
source field, vT(rT,f) on ST' to the received field, pR(rR,f) on SR' that 
is, 
(9) 
where the fluid density p and acoustic velocity c have been introduced to 
preserve dimensionality, then the received voltage is, from Eq. (6) 
Substituting Eqs. (3) and (10) into Eq. (8) and realizing that 
T{ ... } is a spatial transformation only results in 
H(f) = 
(10) 
(11) 
~ 
where T{t(rT)} contains all the effects of propagation, transmission, and 
scattering. The details involved in modeling T{t(rT)} are generally com-
plicated and only approximate solutions are often available for even the 
simplest cases. The measurement system schematics used in the input-
output modeling approach are shown in Fig. 3. 
Once the shape function, the sensitivity function, and the trans-
mitting and receiving response functions are known for all frequencies of 
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Fig. 3. Ultrasonic measurement system schematic (a), and its 
input-ouput model (b). 
interest, it is possible to determine the ultrason!c transfer function 
provided a method is available for evaluating T{t(rT)}. !he measurement 
model [1] provides a particularly useful approach to T{t(rT)} for the 
case of a small spherical reflector located on the acoustic axis of both 
the transmitting and receiving transducers and in the same fluid medium, 
as shown in Fig. 4. Generalizing the results presented for a pulse-echo 
measurement to a pitch-catch one, the transfer function for this con-
figuration can be written as 
H(f) (12) 
where 
(13) 
and 
(14) 
Likewise, A(aR,~R) is the scattering amplitude evaluated for the coordi-
nate angles oT tne receiving transducer's axis. By looking at the varia-
tion of H(f) with either zF or zR' .it is pos~ible to determine the "best 
fit" parameters for an est1mated t(rT) or r(rR). 
Fig. 4. Geometry for a spherical reflector. 
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For this paper the experimental results were correlated with piston 
radiator theory, which defines the shape and sensitivity functions as 
follows: 
= {1 ' I;TI ~aT(f) 
0, otherwise 
(15) 
and 
(16) 
Although these assumed shape and sensitivity functions are not 
physically realistic, they are often used because of their simplicity and 
it would be convenient if they provide satisfactory agreement with experi-
mental results. In addition, since all experimental data were taken in 
pulse-echo measurements, it is assumed that aT(f) = aR(f) = a{f). For 
this choice of shape function and sensitivity function, the pulse-echo 
response from a small spherical reflector becomes 
H(f) = 2 pcp(f)y(f) A(O,n)C2(z)e-2jkz 
jka2(f) 
where 
C(z) = ( ~) ejkz Ja(f) 
0 
2nrdr 
= 1 - e 
-jk("z2+a2(f)-z) 
The magnitude of C(z) is thus given by 
lc(z)l = 21sin ~ k("z2 + a2(f) - z) I 
or, from Eqs. (7) and (17) 
lc(z)l = IB(f)l"lvR(f,z) I eo:(f)z 
(17) 
(18) 
(19) 
(20) 
where B(f) is a complex scale factor, VR(f) the received voltage at axial 
distance Z, and o:(f) the attenuation in water. Equation (20) is valid 
when the attenuation is small compared to the wave number. The parameter 
of variation is a frequency-dependent effective radius a(f). 
EXPERIMENTAL INVESTIGATIONS 
The objective of the experimental investigations was to measure 
axial profiles on the basis of Eq. (20) for a set of three transducers. 
These profiles will be compared with theoretical profiles described by 
Eq. (19). 
Measurement Procedures 
Three ultrasonic pulse-echo commercial transducers were investi-
gated. These transducers were piezoelectric, of the unfocused immersion 
type with a center frequency of SMHz. Transducers referred to as #1 and 
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#2 had nominal diameters of 1/2 inch and transducer #3 a nominal diameter 
of 1/4 inch. The axial profiles were measured using a 1-mm diameter, 
spherical reflector located in water on the acoustic axis of the 
transducer. An automatic scanning device was used for transducer posi-
tioning. The investigated positions consisted of between SO and 70 
points per profile for each frequency of interest with the spacing varied 
to achieve at least 20 near-field points. The axial profiles were ex-
tracted from the Fast Fourier Transform of the received voltage within 
the range of 3MHz to 8MHz with a spacing of O.lMHz. 
In order to compare the theoretical results described in Sec. 2, the 
experimental axial profiles were "curve-fitted" with Eq. (19), using the 
active radius a(f) as a functional parameter. Because the scale factor 
B(f) in Eq. (20) depends on several unknown quantities, it was also neces-
sary to determine the best-fit value of B(f) for each active radius value 
chosen. Three different approaches were used for the curve fitting: the 
first approach was based on fitting the entire range of measured distances, 
the second approach involved curve-fitting the measured data over the 
first maximum, and the third approach involved curve-fitting the measured 
data over the second maximum. The maxima were numbered increasingly as z 
approaches zero from infinity. 
The curve-fitting procedure was based on minimizing the accumulated 
error between the theoretical and measured values, defined as 
1 E = N 
N L (VTH - v )2 • 100 
i-1 M 
(21) 
where N is the number of positions included in the curye-fitting proce-
dure, VTH is the theoretical value of the on-axis profile (according to 
Eq. [19]), and VM is the scaled experimental value of the on-axis profile 
(according to Eq. [20]). 
RESULTS 
An example of the measured and calculated axial profiles for one of 
the transducers is shown in Fig. 5. In this figure only three represent-
ative frequencies (out of 51 calculated) are shown to demonstrate the 
details of the individual curve-fitting results. As expected, the on-
axis zeros predicted by theory show up as minima in the experimental 
data. Also, the maxima tend to decrease in height as z approaches zero. 
This tendency appeared consistent across transducers and could be the 
result of several factors, including variations from planar and circular 
apertures, phase shifts across the transducer element, or discrepancies 
between the actual and assumed shape and sensitivity functions. 
Those active radii that resulted in the least curve-fitting error 
for the three approaches used are shown in Fig. 6. Both transducers #1 
and #2 display active radii that are relatively constant across frequency 
for curve-fitting based on the entire curve or the second maximum but not 
for curve-fitting based on the first maximum. Transducer #3, on the 
other hand, displays active radii that are not consistent across fre-
quency, regardless of the curve-fitting approach used. The average value 
of the active radii across frequency is also larger than the nominal 
value for transducer #3, whereas it is lower than the nominal for both 
transducers #1 and #2. Although the experimental data agree well with 
the piston radiator theory in general, it is clearly a better approxi-
mation for certain transducers and may not even be valid for some. 
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Fig. 5. Axial profiles obtained for transducer #1 (5 MHz; 0.5 inch). 
Curve-fitting results plotted using scale factors based on 
all data values. 
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The accumulated error, defined in Eq. (21), is shown in Fig . 7. In 
addition to the errors at a particular frequency, averaged errors across 
investigated frequencies are indicated underneath each curve. These 
results demonstrate that the error between the experimental data and the 
theoretical data can often be significantly reduced by using a curve-
fitted active radius . Fitting the entire curve provided the best results 
but the second-maximum fitting gave nearly equivalent results. This is 
particularly interesting because the second maximum approach requires 
substantially less measurement and computation (about a 70% reduction in 
both). It is also interesting to note that, although significant varia-
tions are shown in the active radius values for transducer #3, the curve-
fitting does not significantly affect the accumulated error. All three 
transducers show the smallest accumulated errors for frequencies slightly 
above the center frequency . 
CONCLUSIONS AND DISCUSSION 
This paper developed a technique for approximating the character-
istics of ultrasonic transducers based on axial profiles from a small 
spherical reflector. Results were presented for three piezoelectric, 
immersion transducers assumed to act as piston radiators. All three 
transducers behaved in a manner that could be approximated to varying 
degrees by the piston radiator theory. Transducers #1 and #2 showed 
active radii almost constant across frequency for two of the curve-fitting 
approaches, suggesting the use of the average active radius value for 
characterizing these transducers. The active radius values for transducer 
#3, however, were not as consistent. Further investigations are needed to 
determine the causes for the discrepancies that were observed between the 
theoretical and experimental results. 
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Fig. 7. Accumulative error in transducer active radii calculations . 
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DISCUSSION 
From the Floor: You have fairly significant assumptions built in those 
transducer models. One of them is that you have a uniform radiation 
field. We have done experimental work in direct sensing techniques 
from the transducer surface in order to find how diffraction be-
haves, what is the orientation of the wave, and then to analyze 
the scattering phenomenon as the wave propagates through a structure. 
The other item is that the absolute amplitude of the radiation 
pattern is the unknown function which the model needs to consider. 
Your method considers only data that are normalized with respect 
to the shape and are not absolute values. However, the amplitude 
often plays a big role when one deals with sizing of cracks and 
other measurements. Can you make a comment? 
Ms. A. Mielnicka-Pate, Iowa State University, Ames: In the initial stage 
of our research we did not concentrate on the absolute amplitude 
when modeling the transducer radiation. Our first objective was 
to compare the scaled spatial (in particular axial) field distri-
bution with the theory of the rigid disk of unknown "active" dia-
meter. We have demonstrated that there is very good agreement be-
tween experimental and theoretical data. However, we agree that 
the absolute amplitudes are important. Consequently, we intend 
to measure constants S and r using some kind of transducer cali-
bration techniques. 
Your comment regarding the surface velocity distribution addresses 
a very important aspect of our transducer modeling. We do not know 
how sensitive the radiated field is to the shape of the velocity 
distribution, which resulted in good agreement of the theory with 
the scaled experimental data. The next step in our analysis would 
be to determine the sensitivity of the spatial distribution of the 
radiated field to the change of the velocity shape function. How-
ever, we presently do not know what this sensitivity might be. 
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Mr. Fraser: Actually, given the realities of transducers, it's probably 
impressive that you can use the frequency-dependent diameter to 
model that and get reasonably good results. 
From the Floor: John, I want to ask a question. I have a problem with 
this way of treating a transducer. This approach could be fine 
for a transducer that is driven by a harmonic of a constant fre-
quency. However, most of the transducers that we use are driven 
by some kind of a transient signal. Simplistically, one looks at 
the radiation that's being generated as two components; the first 
component is generated by the front face, and there's a second com-
ponent due to the rim of the transducer. So I find the idea of 
an effective radius a very disturbing one. 
Ms. Mielnicka-Pate: All experimental data were measured for impulses. 
We performed the discrete Fourier transform on impulses measured 
at 25 locations along the main axis. Next we analyzed 52 frequency 
components extracted from the spectra of those impulses. I have 
just presented results for only three of those frequency components. 
In fact, that agreement was excellent for most of the 52 spectral 
components that we extracted from measured spectra. 
From the Floor: That's correct. But your theory is a 
theory. You showed the Green function to start. 
that the theory really applies to the experiment. 
continuous wave 
I'm not certain 
Ms. Mielnicka-Pate: We used frequency domain representation for the 
analysis of an acoustic impulse propagating away from a transducer. 
The Green's function integrated over the surface of the transducer 
provided the axial pressure distribution which agreed remarkably 
well with our scaled measured data. Moreover, we matched the mea-
sured data with the theoretical values using the "active" diameter 
as a parameter. We have modeled the transducer on the basis of 
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data measured at the main axis of the transducer. The reason was 
that there is an analytic solution to the Green's function integrals 
for on-axis locations. Therefore, only on-axis locations were in-
vestigated in order to avoid any approximation errors. 
However, as reported, one probe did not agree very well with the 
rigid disk on-axis theory. In addition, the impulse scattered from 
the flat bottomed hole received by this probe was significantly 
different than received by other probes. It is possible that this 
probe had some non-symmetry in the radiation field, or its acous-
tical axis did not overlap with the geometrical normal. We intend 
to investigate in more detail its spatial radiation characteristic 
in order to understand the results that we obtained on the axis. 
